The goal of this investigation was to establish which Ca 2/ Ca 2/ -activated Ca 2/ stores represent a critical component in the transduction pathway leading to the generation of the slow I AHP . channels are involved in the generation of the slow I AHP in hippocampal CA3 pyramidal cells and to clarify whether Ca 2/ -induced Ca 2/ release contributes to this current.
I N T R O D U C T I O N
The slow I AHP , a Ca 2/ -dependent K / current, modulates M E T H O D S the firing pattern of many classes of neurons by inducing Experiments were performed with organotypic hippocampal accommodation of action potential discharge. The physio-slice cultures. Hippocampi were removed aseptically from 6-daylogical importance of this current is reflected in the multitude old Wistar rats that were killed by cervical dislocation. Tissue of neurotransmitter systems and second messenger pathways slices of 400 mm thickness were prepared and cultured by means that evolved for its regulation (Nicoll 1988) . In hippocampal of the roller tube technique as described previously (Gähwiler pyramidal cells the slow I AHP plays a prominent role in de-1981) . termining neuronal activity patterns and is sensitive to regulation by the cholinergic, glutamatergic, and diverse aminer-Electrophysiological recordings gic afferents impinging on these cells. Earlier studies to characterize the slow I AHP in hippocampal pyramidal cells (from a holding potential of between 055 and 060 mV to 0 mV for 50-100 ms, 0.04 Hz) in the presence of tetrodotoxin (TTX, 0.5 mM). When Ca 2/ currents were elicited, 20-mV depolarizing voltage jumps were applied from a holding potential of 040 mV for 0.5-1 s (0.05 Hz) in the presence of TTX (0.5 mM) and TEA (10 mM) with microelectrodes filled with 2 M cesium chloride (CsCl). Excitatory postsynaptic potentials (EPSPs) were evoked in current-clamp mode at a membrane potential of approximately 080 mV by electrically stimulating the mossy fibers (0.05 Hz) in the presence of the N-methyl-D-aspartate (NMDA) receptor antagonist 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP), the g-aminobutyric acid type A (GABA A ) receptor antagonist bicuculline, the GABA B receptor antagonist CGP 52 432 (10 mM each), and a nonsaturating concentration of the non-NMDA receptor antagonist and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX, 10 mM).
Numerical data in the text are expressed as means { SE. Student's t-test was used to compare means when appropriate. P õ 0.05 was considered significant. of slow I AHP by 11.4% (from 326.6 { 19.4 pA to 363.9 { channels belonging to the L-, N-, P-, and Q-types (Ahlijanian 23.8 pA, n Å 5, P õ 0.05, Fig. 2A ). This observation, which et al. 1990; Westenbroek et al. 1990 Westenbroek et al. , 1992 Westenbroek et al. , 1995 . Essenmay be explained by improved membrane space clamping tially the same pattern of Ca 2/ -channel distribution was deas a result of closure of N-type Ca 2/ channels, was not scribed in CA3 pyramidal cells in hippocampal slice cultures further investigated. To confirm that CmTx was indeed (Elliott et al. 1995) . In a first series of experiments, specific blocking Ca 2/ channels, we examined its effects on pharmaCa 2/ -channel antagonists were tested to determine the chancologically isolated EPSPs evoked in CA3 cells by stimulatnel types associated with the induction of I AHP .
Drugs and chemicals
ing mossy fiber afferents with an electrode positioned in L-type Ca 2/ -channel blockers suppress slow I AHP the dentate hilus area. As we previously reported for CA3 pyramidal cells in this preperation (Poncer et al. 1997 ), Isradipine, a dihydropyridine (DHP) that selectively EPSPs were rapidly reduced in the presence of CmTx (by blocks L-type Ca 2/ channels (Hof et al. 1984) , significantly 55.0 { 4.5%, n Å 5, Fig. 2B ). reduced the slow I AHP in CA3 pyramidal cells. Figure 1A Experiments were then performed with v-agatoxin IVA illustrates the typical time course of I AHP inhibition in re-(Aga IVA) at 200 nM, a concentration that blocks both Psponse to isradipine (2 mM) in a representative cell. In seven and Q-type Ca 2/ channels (Olivera et al. 1994; Zhang et al. cells, isradipine superfused for 7 min depressed the slow 1993). Aga IVA had no effect on the slow I AHP (a 2.7% I AHP from 247.3 { 48.6 pA to 45.8 { 13.1 pA (a decrease increase P ú 0.05, n Å 4, Fig. 2C ) but reduced evoked of 82.3 { 4.2%, P õ 0.01). Attempted washout of the drug EPSPs (by 53.1 { 7.7%, n Å 3, Fig. 2D ). for ú30 min did not lead to recovery. Representative traces Thus Ca 2/ influx via N-or P/Q-type Ca 2/ channels does of the slow I AHP are depicted in Fig. 1B . An alternative DHP, not mediate the slow I AHP in hippocampal CA3 pyramidal nifedipine (10 mM for 5-10 min), similarly suppressed the cells. slow I AHP from 309.1 { 37.4 pA to 178.9 { 22.8 pA (a decrease of 42.1 { 4.7%, n Å 7, P õ 0.01, not shown). The weaker action of nifedipine probably reflects the lower Intracellular Ca 2/ stores contribute to the generation of affinity of this compound for L-channels versus isradipine slow I AHP (Cognard et al. 1986; Ohya and Sperelakis 1990 stores might contribute to the slow time course of this re-current (Buryi et al. 1995; Nelson et al. 1994) . Thus the observed inhibition of slow I AHP in response to thapsigargin sponse in CA3 cells.
We examined this possibility by depleting intracellular may result from a direct inhibition of L-type Ca 2/ channels rather than the emptying of Ca 2/ stores. Under our experiCa 2/ stores with thapsigargin, a Ca 2/ ATPase inhibitor that prevents Ca 2/ uptake into intracellular compartments. In six mental conditions, however, this did not appear to be the case. Cells were clamped at 040 mV and stepped to 020 of seven cells, bath-application of thapsigargin (10 mM for 28-30 min) reduced the slow I AHP from 225.7 { 34.3 pA mV to elicit Ca 2/ current with a strong L-type component (Gähwiler and Brown 1987) . Thapsigargin (10 mM for 25 to 83.9 { 21.1 pA (P õ 0.05). In one remaining cell, the slow I AHP was not affected by thapsigargin. The time course min) did not significantly decrease Ca 2/ current (a reduction of 16.6 { 3.5%, P ú 0.05, n Å 3, Fig. 4A ). On the other of the response to thapsigargin and representative traces from a typical cell are illustrated in Fig. 3A .
hand, isradipine (2 mM for 7 min) reduced Ca 2/ current by 80.1 { 7.0% (n Å 5, P õ 0.05, Fig. 4B ). Two functionally separate releasable pools of intracellular Ca 2/ can be distinguished in neurons based on the ligands Ca 2/ -or inositol 1,4,5-trisphosphate (IP 3 ), which mediate D I S C U S S I O N the respective liberation of the sequestered Ca 2/ through The principal finding of this study is that Ca 2/ influx channels spanning the membranes of the endoplasmic reticuthrough L-type Ca 2/ channels initiates the generation of the lum (Henzi and MacDermott 1992 Our results obtained with DHP Ca 2/ -channel antagonists are consistent with an involvement of L-type Ca 2/ channels 0.05). This action was only partially reversible after 30 min of wash. The time course of the ryanodine effect and repre-in the generation of the slow I AHP in the hippocampus. A number of previous studies demonstrating the colocalization sentative traces from one cell are shown in Fig. 3B . This result indicates that the Ca 2/ signal mediated by L channels of L-type Ca 2/ channels with the K / channels thought to underlie the slow I AHP in hippocampal pyramidal cells procauses the release of intracellular Ca 2/ stores that contribute to the activation of the K / conductance underlying the vide support for this conclusion. L-type Ca 2/ channels are expressed mainly in the cell slow I AHP .
It has been shown that thapsigargin, in addition to deplet-body and proximal dendrites of CA3 pyramidal cells (Ahlijanian et al. 1990; Westenbroek et al. 1990) , and their activaing intracellular Ca 2/ pools, can also inhibit L-type Ca tion results in a pronounced somatic Ca 2/ transient (Elliott there is some expression of these channels on the dendrites, they do not contribute significantly to Ca 2/ transients inet al. 1995). Such Ca 2/ transients are closely associated in time with the induction of slow I AHP (Knöpfel and Gähwiler duced by stimulating the cell body (Elliott et al. 1995) .
The channels that conduct the slow I AHP in hippocampal 1992; Lasser-Ross et al. 1997 ). In contrast, N and P/Q channels in these cells are expressed primarily in axon termi-pyramidal cells were identified as Ca 2/ -dependent small conductance potassium channels referred to as SK channels, nals where they mediate neurotransmitter release. Although   FIG . 4 . Distinct actions of thapsigargin and isradipine on Ca 2/ currents. Suppression of the slow I AHP by thapsigargin is not due to its effect on the Ca 2/ current. Cells were clamped at 040 mV, and Ca 2/ currents were elicited by voltage steps to 020 mV (for 0.5-1 s, 0.05 Hz) in the presence of TTX (0.5 mM) and tetraethylammonium chloride (10 mM) with micloelectrodes filled with 2 M CsCl. A: thapsigargin (10 mM) produced no significant change in the Ca 2/ current. B: isradipine (2 mM) suppressed Ca 2/ currents. Each sample trace represents the average of 4 consecutive Ca 2/ currents. in a variety of cell types. The best-studied example is the HOF, R. P., SCHOLTYSIK, G., LOUTZENHISER, R., VUORELA, H. J., AND NEUcoupling between L-type channels and ryanodine receptors MANN, a new calcium antagonist: electrophysiological,  that constitutes the key element of the excitation-contraction inotropic, and chronotropic effects on guinea pig myocardial tissue and effects on contraction and calcium uptake of rabbit aorta. J. Cardiovasc.
coupling machinery in skeletal muscle (Ashcroft 1991). Pharmacol. 6: 399-406, 1984. Functional coupling between L-type Ca 2/ channels and ry-
